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Hyperfine splitting in Hydrogen
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What carries the spin
of the proton?

1
2S = ?

S =  “quarks” + “gluons” 
small



Polarized Deep Inelastic 
Scattering Experiments

Detector

Target
e-
High
Energy (protons or 

neutrons)

Ν - ΝMeasure asymmetry A(x,Q2) = 
Ν + Ν



Proton (or Neutron) 
Spin Structure Function

g1(x, Q2) = A(x,Q2)   F1(x,Q2)•

unpolarized 
structure function



QCD Sum Rule
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g1(x,Q2) Spin Structure Function

G1(ν,Q2) Same thing!
old fashion notation

G(x,Q2) gluon distribution
(American)

g(x,Q2) gluon distribution
(European)



Deep Inelastic Lepton-Nucleon Scattering
e e

photon

P

Nucleon

Q Four-momentum of the virtual photon2

Q2 ∝ 1/λ2

X Fraction of nucleon momentum carried by the 
struck quark

0 ≤ x ≤ 1



Scattering Kinematics
E´

θE

Transform 3 variables

E
E´
θ

x
ν
Q2



Virtual photon energy transfer

ν = E - E´



Virtual Photon 4-momentum
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Bjorken Bjorken xx
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Elastic Scattering of quark   Elastic Scattering of quark   νmq 22 =

Then Then 
M
mx = Fraction nucleon mass carried by struck quark!!!Fraction nucleon mass carried by struck quark!!!



Proton Wave function
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Square it………..



Proton and Spin
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Asymmetry Relation to Quarks
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1970s and
early 1980sEarly SLAC Experiments

Detector

C6O4H8
Polarized
electrons

Polarized
butanol

Proton Spin Structure Function

Ap large



SLAC E80



SLAC E80/E130 Experiments



SLAC E80 Moller Polarimeter Signal
Polarized electron - polarized electron scattering



Early SLAC Experiments



Magnetic Moments
Proton
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Son of E130
Neutron spin structure function

Test of the Bjorken sum rule



SLC vs. Fixed TargetSLC vs. Fixed Target
NegotiationsNegotiations



(1987)
15 Years ago

CERN Experiment

200 GeV muons
proton

Fraction of proton spin carried by quarks

12% ± 16% 

Quarks do not carry proton’s spin!

Proton Spin Crisis



EMC Experiment



EMCEMC
E80E80

E130E130

∆∆qq ≈≈ 75%75%

Birth of the “Proton Spin Crisis”Birth of the “Proton Spin Crisis” 19881988



Race for the Neutron
CERN SMC

µ
p n (1993)

SLAC E142  

e
p p

n (1993)

DESY HERMES

e (1996)
p p

n



COMPARISON OF PROGRAMS
ExperimentExperiment BeamBeam EnergyEnergy TargetTarget YearsYears

CERN EMCCERN EMC muonsmuons 200 200 GeVGeV protonproton 19871987--19881988

CERN SMCCERN SMC muonsmuons 100100--200 200 GeVGeV protonproton 19931993--19981998
deuteronsdeuterons

DESY HERMESDESY HERMES positronspositrons 27 27 GeVGeV protonproton 19951995--todaytoday
deuterondeuteron
33HeHe

SLAC E142SLAC E142 electronselectrons 22 22 GeVGeV 33He He 19931993--19951995
E143E143 electronselectrons 29 29 GeVGeV protonproton 19941994--19961996

deuterondeuteron
E154E154 electronselectrons 50 50 GeVGeV 33He He 19971997
E155E155 electronselectrons 50 50 GeVGeV protonproton 19981998--20022002

deuterondeuteron



SLAC Polarized Deep Inelastic
Scattering Experiments



19921992--1995 Neutron Measurements1995 Neutron Measurements

electronselectrons

muonsmuons



HERMES DETECTOR
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SUMMARY

qua
rk ∆q ≈ 0.2 ± 0.1

glu
on ∆G ≈ 1.8 ± 1.



Hunting ∆G
P RHIC Spin P 

µ NCERN COMPASS

e NDESY HERMES

e  PDESY Polarized HERA

e  PBrookhaven EIC

γ NSLAC E161

* coming soon



BUT……….

S = ½ = ½∆q + ∆G + L  + Lq G

orbital angular
momenta



What do we know about G(x)?



Center of Mass Energy

ProtonsProtons
200 200 GeV muonsGeV muons

30 30 GeV GeV electronselectrons 900 900 GeV GeV protonsprotons

20=s GeVGeV

BjorkenBjorken--x down to 10x down to 10--33

330=s GeVGeV
BjorkenBjorken--x down to 10x down to 10--44



What about the hyperfine structure
of hydrogen??

( )polPδHyperfine splitting

( )
ν
ν 2

1 ,qG
( )polPδ ~

Small ν resonance region

CEBAF physics!
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